Thirty-four patients with acute hemispheric ischemic strokes underwent both CT angiography and contrastenhanced transcranial color-coded duplexsonography (TCCD) to study the effectiveness of the combined noninvasive techniques for evaluation of the circle of Willis. In 3/34 patients, CT angiography and contrast-enhanced TCCD demonstrated middle cerebral artery (MCA) occlusion, in 5 others MCA stenosis. A severe posterior cerebral artery stenosis was missed by CT angiography. In 8 patients, contrast-enhanced TCCD failed because of poor bone windows. In these patients, CT angiography was normal. CT angiography and contrast-enhanced TCCD are complementary noninvasive diagnostic tools. Disagreements between the diagnostic findings of these methods still need further evaluation by digital subtraction angiography.
Introduction
Several studies have demonstrated the potential benefit of thrombolytic therapy in patients with acute cerebral ischemia [1] [2] [3] . There are increasing controversies about the need for demonstration of intracranial arterial occlusion before initiating thrombolytic therapy [4] . Since intra-arterial thrombolytic therapy greatly limits the broad applicability of this therapy, there is need for studying the cranial vasculature in a noninvasive fashion.
CT angiography has recently been found to be effective for evaluation of the intracranial arteries in acute stroke patients [5, 6] . This technique tracks a bolus of contrast material after its intravenous injection through the cerebral vasculature by using continuous table motion through the CT gantry as the X-ray tube spins continuously. Most cerebral CT angiography studies use shaded-surface display as a postprocessing technique, thereby providing a three-dimensional vascular survey of the intracranial artery circulation. A drawback of this method is that it requires a threshold, creating a binary data set. The data below the threshold are not displayed, and no distinction is made between bone, intraluminal contrast enhancement and/or mural calcification above the threshold. An alternative postprocessing technique is maximum intensity projection which is not threshold dependent and preserves the CT attenuation values [5, 6] . In both techniques, measurement of residual arterial lumen diameter by CT angiography, however, is limited by operatordepending offline data processing, especially in severe stenosis [7, 8] . Several factors influence the feasibility of CT angiography in the acute stroke setting. Timing is critical, dilution of the contrast agent through the heart chamber implies dependence on stroke volume, and heat loading limits use of the X-ray tube [9] . In addition, CT angiography is contraindicated in patients with renal insufficiency, hyperthyroidism or known allergy against iodinated contrast agents and can therefore not be applied to all patients. Animal studies have shown that nonionic contrast agents do not increase the volume of ischemic infarction [10] .
Transcranial color-coded duplexsonography (TCCD) is a relatively new diagnostic tool for noninvasive evaluation of the intracranial arteries. TCCD provides twodimensional data of the basal cerebral arteries [11] . Its usefulness is based on signal characteristics for vessel encoding and detection of turbulence rather than on an ability to provide a true morphologic picture of the vessel [9] . TCCD provides a real-time two-dimensional data set in one imaging plane requiring an experienced examiner for effective evaluation of the basal cerebral arteries [12] . TCCD examination of the cerebral vessels might be impossible due to alterations in the bony structure of the temporal bone. These alterations are found increasingly with elder age and in about 30% of stroke in aged patients [13, 14] . One approach to overcome this limitation is the use of ultrasound contrast agents. Levovist ® (Schering, Berlin, Germany) is the most widely investigated agent and has recently been registered for the German market. It has been shown to be effective for the evaluation of the intracranial arteries in stroke patients with limited bone windows [15] .
We evaluated the combination of CT angiography and contrast-enhanced TCCD to reduce the need for digital subtraction angiography (DSA) as far as possible. As a rationale we presumed that if both methods, CT angiography based on morphological data and contrast-enhanced TCCD based on physiological data, demonstrated identical findings, these results could be accepted as true.
Materials and Methods
During the period from January 1997 to April 1998 we saw 171 patients admitted to our Neurology department for transient or permanent ischemic hemispheric symptoms. Both contrast-enhanced TCCD and CT angiography were performed on thirty-four patients CT Angiography CT angiographies were performed by neuroradiologists (J.G., R.v.K.) with a Philips Gyroscan following the suggestions of Knauth et al. [5] . Patients were scanned from the floor of the sella up toward the vertex. The following scan parameters were used in all patients: 2:1 pitch, 1.5 mm collimation, 130 kV and 125 mA. Total scanning time was 21 s (1 s per revolution). We injected 100-130 cm 3 of nonionic intravenous contrast medium with an injection rate of 4 ml/s using an injection pump. Scan delay was determined by preceding bolus tracking. Three-dimensional reconstructions were performed using a surface-shaded rendering algorithm.
TCCD Examination
TCCD was performed by one person (G.G.) according to a protocol established by Bogdahn et al. [12] . As a contrast-enhancing agent, we used 2.5 g Levovist (Schering) in a concentration of 300-400 mg/ ml. Depending on the duration of enhancement, up to four vials containing 2.5 g Levovist were injected. The examiner tried to identify all branches of the circle of Willis including the MCA with the origins of the M2 segments, the anterior cerebral artery (ACA) with the A2 segments and the posterior cerebral artery (PCA) with the P2 segments as well as the distal intracranial segment of the internal carotid artery. Color flow signals were analyzed according to flow direction and according to turbulent flow which was further evaluated by duplex. These results were documented right after the exam in a selfdeveloped chart. For diagnosis of intracranial arterial stenosis, we followed the suggestions of Hennerici et al. [16] . TCCD examinations were performed with an Acuson 128XP/4 with a 2.0/2.5-MHz transcranial sector scanner device.
Contrast-enhanced TCCD and CT angiography were performed and read blinded to the results of the corresponding imaging study, but with knowledge of the clinical symptoms.
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Results
In 16 patients, both CT angiography and contrastenhanced TCCD demonstrated a normal circle of Willis. CT angiography and contrast-enhanced TCCD demonstrated occlusion of the MCA in 3 patients, in one of whom contrast-enhanced TCCD was able to detect the flow through small collaterals which were missed by CT angiography but confirmed by DSA ( fig. 1) . CT angiography and contrast-enhanced TCCD demonstrated five MCA stenoses. One distal stenosis in the supraclinoid segment of the internal carotid artery was misdiagnosed by contrast-enhanced TCCD as a proximal MCA stenosis. One PCA stenosis by contrast-enhanced TCCD could not be confirmed by either CT angiography or DSA. This patient had recurrent complex focal seizures which might have contributed to a locally increased blood flow in the PCA. One severe stenosis of the PCA demonstrated by contrast-enhanced TCCD (systolic peak velocity 400 cm/ s) in the P1 segment was first misdiagnosed by CT angiog- raphy as an aplasia of the P1 segment; by second review of the data in retrospective, a short segment of missing contrast filling in the P1 segment with a filled contrast column before and behind this region was detected. This was not consistent with a vessel aplasia, but with a severe stenosis. In 1 patient with unilateral internal carotid artery occlusion, an ipsilateral orthograd ACA was seen on contrast-enhanced TCCD and confirmed by DSA. In 1 patient with a hairline stenosis of the left internal carotid artery, contrast-enhanced TCCD demonstrated collateral flow through the anterior communicating artery, the direction of flow, however, could not be assessed by CT angiography.
Contrast-enhanced TCCD provided complete visualization of the circle of Willis in 24/34 patients (70.6%) without detectable color flow signals in unenhanced TCCD. The mean duration of ultrasound contrast enhancement was 2 min 39 s, with a range of 45 s to 7 min 6 s. The enhancement started after a mean time of 22 s (range 6-37 s). In 3 patients, contrast-enhanced TCCD demonstrated only the ipsilateral part of the circle of Willis through one temporal window, there was no detectable signal from the other side. In 7 patients, however, no reasonable signal was detectable by contrast-enhanced TCCD. In all these 10 patients, CT angiography was normal.
Discussion
Because of the increasing application of systemic thrombolysis in acute stroke patients, there is need for noninvasive imaging of the cerebral vessels [4] . All currently available noninvasive imaging techniques are limited by several factors and do not reach either the sensitivity or the specificity of the gold standard DSA. However, there is a considerable risk of permanent neurological sequelae with DSA and it is not as widely available as CT [17] . MR angiography is relatively unspecific in detecting abnormalities of the cerebral vessels and needs further investigations [9, 18] . We evaluated the effectiveness of combined CT angiography and contrast-enhanced TCCD for the noninvasive diagnosis of intracranial vessel abnormalities in patients with hemispheric ischemic strokes. The combination of both morphologically based CT angiography data and physiologically based TCCD data may improve the overall effectiveness of these two imaging techniques and obviate DSA for the diagnosis of cerebral vessel abnormalities.
CT angiography was able to demonstrate normal cerebral arteries as well as occlusion and moderate stenosis of the MCA. However, it was not able to reliably detect highgrade stenosis with a very small residual lumen diameter, neither could it detect small vessels with very low blood flow. Both these limitations could be overcome by contrast-enhanced TCCD; mild stenosis of the MCA, which tended to be overlooked by the film readers, could also be detected. Three-dimensional reconstruction of the CT angiography data set is operator dependent. Doing this procedure with the knowledge of ultrasound findings adds confidence to the CT angiography findings. This is confirmed by the CT angiography findings of 2 patients. In 1 patient, the reader of the CT angiograms first misdiagnosed a short segment of missing contrast agent in the P1 segment of the PCA as a vessel aplasia. After second review of the films with knowledge of the results from contrast-enhanced TCCD, demonstrating very high blood flow velocities in this segment, this was interpreted as a severe stenosis with a residual lumen diameter below the resolution of CT angiography. In a second patient with MCA occlusion, in whom contrast-enhanced TCCD detected flow through small collaterals ( fig. 1 ), repeated reconstruction of CT angiography in retrospective also demonstrated these vessels.
Flow direction cannot be assessed by CT angiography, this was only possible by contrast-enhanced TCCD because of color flow encoding [19] . In patients with severe carotid disease, the demonstration of collateral pathways Gahn/Gerber/Hallmeyer/Reichmann/ von Kummer through the circle of Willis provides important information for the patient's management.
Early evaluation of stroke patients for vascular abnormalities demonstrated an incidence of intracranial vascular occlusion of more than 50% [5, 6, 20] . We evaluated the patients later during a normal hospital course (mean time interval between onset of ischemia and CT angiography and contrast-enhanced TCCD was 8.1 days) and found MCA occlusion in only 8.9% of our patients. In 17.6% of our patients, however, we found intracranial vascular stenosis which may reflect recanalization of primarily occluded vessels. We did not evaluate our patients in the hyperacute phase of cerebral ischemia. Our findings, however, suggest that both CT angiography and contrast-enhanced TCCD can provide important information about the cerebral vasculature during the very early ischemic phase. Both techniques can identify MCA occlusion as shown in 3 of our patients. Evaluation of more distal arterial branches, however, might be less reliable.
In conclusion, CT angiography and contrast-enhanced TCCD provide complementary information about the arteries of the circle of Willis. Disagreements between these two methods should be clarified by DSA.
